Mattes RD. Brief oral stimulation, but especially oral fat exposure, elevates serum triglycerides in humans. Am J Physiol Gastrointest Liver Physiol 296: G365-G371, 2009. First published December 12, 2008 doi:10.1152/ajpgi.90591.2008.-Oral exposure to dietary fat results in an early initial spike, followed by a prolonged elevation, of serum triglycerides in humans. The physiological and pathophysiological implications remain unknown. This study sought to determine the incidence of the effect, the required fat exposure duration, and its reliability. Thirty-four healthy adults participated in four to six response-driven trials held at least a week apart. They reported to the laboratory after an overnight fast, a catheter was placed in an antecubital vein, and a blood sample was obtained. Participants then ingested 50 g of safflower oil in capsules with 500 ml of water within 15 min to mimic a high fat meal but without oral fat exposure. Blood was collected 0, 10, 20, 30, 40, 50, 60, 120, 240, 360, and 480 min after capsule ingestion with different forms (full fat, nonfat, none) and durations of oral fat exposures (10 s, 5 min, 20 min, and/or 2 h). A triglyceride response (increase of triglyceride Ͼ10 mg/dl within 30 min) was observed in 88.2%, 70.5%, and 50% of participants with full-fat, nonfat, and no oral exposure, respectively. Test-retest reliability was 75% with full-fat exposure but only 45.4% with nonfat exposure. Full-fat and nonfat exposures led to comparable significant elevations of triglyceride over no oral stimulation with 10-s exposures, but full fat led to a greater rise than nonfat with 20 min of exposure. These data indicate that nutritionally relevant oral fat exposures reliably elevate serum triglyceride concentrations in most people.
has involved exposures that exceed those likely to be experienced under free-living conditions. The intent of this study was to test a concept rather than establish the physiological relevance of the effect. However, there is evidence that exposure to fat for only 3 min is sufficient to elicit a cephalic-phase pancreatic polypeptide response (4), indicative of vagal activation, the presumed basis for the first-phase TAG response. Thus it may be hypothesized that only brief oral exposure to fat may be sufficient to alter postprandial lipemia in humans.
The aim of this project was to better characterize the effects of oral fat exposure on serum TAG concentrations. First, TAG responses to realistic exposure times were explored. This entailed monitoring serum TAG concentrations after a single 10-s oral exposure, 5 min of exposure to simulate a snack, 20 min of exposure to mimic a meal, and 2 h of exposure to replicate our earlier trials. To be considered physiological, responses to exposures consistent with typical dietary snack and meal times were expected. Secondly, the effects of these different levels of oral exposure on the first and second phases of lipid absorption were monitored. The first phase likely reflects the sensory-mediated mobilization of lipid stored in enterocytes from the previous meal, whereas the second stems from absorption of the lipid from the present meal (25, 30) . The function of the first-phase response is largely unknown and remains to be fully characterized. Also, the reliability of the response was evaluated by retesting individuals who responded to the initial exposure after an interval of at least 2 wk. Thirdly, response specificity was examined by contrasting serum TAG concentrations after oral exposure to a high-fat food, a nonfat version of the same food, and no oral stimulation. Finally, the possibility that there are responders and nonresponders was explored because this has been proposed on the basis of fatty-acid sensory-detection data (11, 23) and cephalic-phase responses to other stimuli (32) .
MATERIALS AND METHODS
Participants. Eligibility criteria included the following: healthy males and females with a body mass index (BMI) between 18 and 30 kg/m 2 ; those not initiating or terminating the use of medications reported to affect appetite or body weight during the proposed study period [oral contraceptive agents (n ϭ 5), antidepressants (n ϭ 2), antihistamine (n ϭ 1), thyroid supplement (n ϭ 1)]; a stable activity level (no deviation Ͼ1 time/wk for 30 min/session); a resting serum TAG Ͻ250 mg/dl; rate test stimuli as acceptable (i.e., above neutral on a hedonic generally labeled magnitude scale); and agreement to abstain from alcohol consumption and vigorous physical activity for 48 h before study days.
General protocol.
On the basis of responses to an online questionnaire eliciting demographic, health, and lifestyle information, interested individuals completed a screening session to confirm their eligibility. During this session, their inherent taste sensitivity to the bitterness of propylthiouracil (PROP taster status) (26) was determined by a three-solution method since this has been related to fat-taste responsiveness (11) . They also rated the test foods for acceptability, and a blood sample was collected from an arm vein to evaluate their resting (overnight fasted) TAG concentration.
Eligible individuals choosing to participate consumed 50 g of Reese's Pieces (provided by the researchers) as the last eating event of the day before reporting to the laboratory after a 10-h (overnight) fast. This ensured the last eating event of the day before testing was high in fat. The load contained ϳ245 kcal and was comprised of about 43% fat, 10% protein, and 49% carbohydrate. Testing was conducted on four to six occasions, depending on participant performance, at roughly weekly intervals. A timeline of session activities is presented in Fig. 1 . At each session, a blood sample was collected from an in-dwelling catheter, and participants ingested 50 g of safflower oil (Nature's Plus, Melville, NY) in capsules with 500 ml of water in 15 min. Such a load is comparable to a high-fat meal and is ecologically reasonable. Another blood sample was then collected. No additional foods or fluids were ingested over the subsequent 8 h. The testing sequence is outlined in Fig. 2 . On the first two test days, participants then masticated and expectorated a single test-food sample for 10 s (a single exposure). This was either full-fat or nonfat cream cheese, presented on a spoon in random order. Expectorated samples were collected, dried, and weighed to verify that none was consumed. Additional blood was collected at 10, 20, 30, 40, 50, and 60 min as well as 2, 4, 6, and 8 h. If the serum TAG response over the first 30 min after oral stimulation with the full-fat cream cheese was more than 10 mg/dl greater than each individual's baseline TAG concentration, then the two treatments were replicated at two additional test sessions to establish the reliability of the response. Twenty individuals exhibited the requisite rise so were retested for reliability. These individuals were also asked to return for a fifth visit where they received no oral stimulation, but all other aspects of the testing regime were identical. If no response was observed after the first two trials, the study was repeated with 10-s oral exposures to samples at 30-s intervals for 10 min and 1-min intervals for an additional 10 min (simulation of a 20-min meal). Again, full-fat and nonfat samples were presented in random order with a minimum of 1 wk between tests. If a TAG response was observed with the full-fat stimulus at the 20-min exposure period, testing with full-fat and nonfat samples was repeated with oral stimulation provided at 30-s intervals for 5 min (simulation of a snack). If no difference was observed with the 20-min exposure, participants were tested on two additional days with 30-s exposures at 5-min intervals for 1 h, then every 15 min with 30-s exposures for an additional 1 h. Therefore, participants showing a TAG response to the single stimulation were tested on four or five occasions, and those failing to show a response on the first two test sessions were tested on six occasions. This response-driven testing protocol, rather than a random presentation approach, was used because the amount of blood drawn at each trial precluded more than six trials per participant and 11 sessions would have been required to test all individuals under all conditions. The protocol was approved by the Perdue University Institutional Review Board. Participants were recruited by public announcements, provided written consent, and received financial remuneration.
Study samples. Oral stimuli consisted of 5.2-g samples of cream cheese and nonfat cream cheese (Philadelphia Brand; Kraft Foods, Glenview, IL). Expectorated samples were collected quantitatively, dried for 6 h at 55°C, and reweighed individually. The percent recovery was calculated relative to the dry weight of unmasticated samples. Lipid loads were comprised of safflower oil in commercially available capsules (Soft Gel Technologies, Los Angeles, CA).
Hematology. Four milliliters of blood were collected in a red-top vacutainer from a catheter in an antecubital vein at each sampling time. Samples were centrifuged and the serum aliquoted and frozen at Ϫ70°C for later analyses. TAG concentrations were determined by an enzymatic procedure with the use of a Cobas Integra 400 Analyzer (Roche Diagnostics, Summerville, NJ). The precision of the assay was 2%.
Statistical analyses. Serum TAG changes were evaluated by repeated-measures ANOVA using treatment [i.e., high fat, low fat, and, in a subset of participants (N ϭ 22), no oral stimulation] and time as within-subject factors. Changes from baseline were assessed by onesample t-tests. Correlation analysis was used to assess test-retest reliability. Although both phases of the TAG response to oral fat stimulation were evaluated, the first phase was the primary focus. Thus a TAG response was defined as an increase of serum TAG Ͼ10 mg/dl within the first 30 min after the initiation of oral stimulation relative to the resting TAG concentration for each individual on each test day. This represented an increase of about 10% over the resting value of the study population and approximated the value of the 95% confidence interval for population categories recently used to explore the association between TAG and cardiovascular disease (CVD) risk (24) . Statistical analyses were performed with the use of the Statistical Package for the Social Sciences (SPSS), version 15.0 (SPSS, Chicago, IL). The criterion level for statistical significance was P Ͻ 0.05, two-tailed. All data are expressed as means Ϯ SE.
RESULTS
The study sample was comprised of 18 male and 16 female adults (mean age ϭ 25.0 Ϯ 1.2 yr) with a mean BMI of 24.4 Ϯ 0.53 kg/m 2 . Twenty-seven participants were Caucasian, five were African American, and there was one Asian and one Hispanic. Their mean resting TAG concentration was 99.9 Ϯ 10.1 mg/dl. Upon initial exposures, their mean hedonic ratings of the full-fat and nonfat cream cheese samples were 3.8 Ϯ 0.4 hence N ϭ 22. The proportion of responders to full-fat cream cheese was significantly greater than chance (P ϭ 0.001; sign test), whereas this was not the case for the proportion of responders to the nonfat cream cheese.
Characterization of the first-phase response. The TAG response within the first 30 min following capsule ingestion is depicted in Fig. 5 . All conditions led to an early, transient rise of serum TAG. Among the 22 participants tested with and without oral exposure, only when the oral stimulus was the full-fat cream cheese did a peak occur within 30 min at better than chance levels of probability 16/22 (72.7%) (P ϭ 0.026, binomial distribution). The proportions of first-phase responses with oral exposure to nonfat cream cheese and no oral exposure were 13/22 (59.1%) and 10/22 (45.4%), respectively. The time to peak from baseline was significantly shorter for the two oral exposure conditions compared with the no-exposure condition (P ϭ 0.02, full-fat cream cheese; P ϭ 0.008 nonfat cream cheese; Fig. 4, inset) . The peak magnitudes were not significantly different.
Because of the exposure testing strategy, all participants were not tested under each exposure condition (i.e., it was not a complete crossover design), and different individuals were tested under more than one condition (i.e., the groups were not independent). Most importantly, only those participants not responding to a short period of stimulation were exposed to the longer exposures, so there was some sorting of participants according to responsiveness. Thus, it is not appropriate to directly compare TAG response magnitudes of all those receiving each exposure. To provide a common basis for comparisons, Fig. 5 
Although the sample size is small, the magnitude of response after full-fat exposure is relatively stable across the range of stimulation times tested. However, there was a decline in response to longer stimulation with the nonfat cream cheese. This pattern held for maximal peak responses as well.
Characterization of the second-phase response. The serum TAG concentration over the 8 h after capsule ingestion followed by a single 10-s oral exposure to full-fat or nonfat cream cheese or no oral exposure is shown in Fig. 6 . In the time interval between 120 and 480 min, there was a significant treatment effect [F(2,42) ϭ 4.34, P ϭ 0.019] and a treatment by time interaction [F(20,420) ϭ 1.66, P ϭ 0.038]. The mean rise with full-fat cream cheese exposure was 13.9 mg/dl, and the value after nonfat cream cheese exposure was 15.5 mg/dl. In contrast, the mean rise with no oral exposure was only 4.8 mg/dl. Both stimulus exposures were greater than the no exposure treatment (P ϭ 0.01 for full-fat cream cheese and P ϭ 0.028 for the nonfat cream cheese).
Fourteen participants did not respond to the initial 10-s exposure so were retested with 20 min of exposure. Under these conditions, the serum TAG concentration was significantly [F(1,13) ϭ 4.81, P ϭ 0.047] higher with full-fat cream cheese exposure compared with nonfat cream cheese exposure (Fig. 7) . The peak TAG rises were 36.1 Ϯ 8.6 and 17.7 Ϯ 7.4 mg/dl, respectively. Figure 8 presents the mean response magnitude only of responders to each level of exposure. Paired comparisons for conditions with N Ն 15 indicate the mean TAG response magnitude during 120 -480 min after capsule ingestion and only 10 s of exposure, was significantly greater following oral nonfat exposure compared with no oral stimulation (P ϭ 0.022) and tended to be greater with full-fat exposure (P ϭ 0.079). The TAG responses to the full-fat and nonfat cream cheese did not differ significantly from each other.
Although the sample size is small, the magnitude of response after full-fat cream cheese exposure remains stronger The mean first-phase TAG responses following 10 s of exposure with either full-fat or nonfat cream cheese were similar after duplicate exposures (Fig. 5) .
The mean TAG response after the initial oral exposure to fat was significantly correlated with the mean TAG response to the second exposure (r ϭ 0.59, P ϭ 0.021), typically administered 2 wk later. Peak maxima were also correlated (r ϭ 0.60, P ϭ 0.009). The comparable correlations for the repeat nonfat exposures were not significant. No significant correlations were observed between responses to duplicate 10-s exposures for mean TAG magnitude or peak during the second-phase response.
DISCUSSION
There was a twofold rationale for studying the TAG response to oral fat stimulation. Firstly, by serving as a marker for oral fat detection, it may be used to elucidate salient sensory attributes of fats and the mechanisms for their detection. Secondly, the absolute TAG rise itself is of importance because recent evidence documents a direct, independent association between TAG and cardiovascular events (1, 24, 33) . The relation holds for resting TAG values but is attenuated with adjustment for other influences (1) . In contrast, nonfasting or postprandial TAG concentrations remain strong predictors of myocardial infarction, ischemic heart disease, and death after such adjustments (1, 24) . This may be attributable to capturing better predictive information conveyed in the higher variability of nonfasting values (1) . Recent evidence indicates that the association between postprandial TAG concentration and ischemic stroke is linear (6) , so an increment contributed by oral stimulation could theoretically exacerbate the problem. TAG concentrations 4 -8 h after a meal may be the most telling (1, 22) , and changes of the magnitude noted in the present study are predictive of increased CVD risk (13) . The firstphase response has not been evaluated in clinical trials to date since blood samples have not been drawn during this time frame. Thus the clinical significance of the first-phase response is unknown. However, in this and earlier work (20) , a significant correlation has been documented between the magnitude of the first-and second-phase responses. Whether the firstphase response holds predictive, and possibly, a causal relation to CVD risk through modulation of the second-phase TAG concentration warrants further study.
Early work with rats revealed that oral exposure to corn oil with gastric lipid loading leads to a significantly prolonged serum TAG elevation (27) . Subsequent human trials replicated this finding, identified the biphasic nature of the response, and elucidated aspects of the mechanism (18 -21, 25, 28, 30) . However, information about the effective stimulus attributes, required exposure times, and response reliability was lacking and precluded assessment of the practical implications of oral fat exposures.
The present study documented that oral exposure to dietary fat prompted a first-phase TAG response in 88% of the participants, and about 80% responded to an exposure of Յ 20 min. This was significantly greater than chance, and the mean and peak responses were significantly greater than values after no oral stimulation. Thus the incidence of a first-phase TAG response is high with minimal oral exposure to fat. However, about half of the first-phase TAG rise may be related to tactile or other stimulatory aspects of the procedure. The incidence of responses after Յ 20 min of oral exposure to the nonfat cream cheese was about 70% and 50% of participants exhibited a response after only swallowing the capsules. The 10-mg/dl criterion for a response was adopted since it represents the upper limit of the 95% confidence interval for resting serum TAG concentration, but, in retrospect, with a high incidence of TAG elevation associated with nonspecific oral stimulation, a higher criterion may be useful in future studies.
Exposure with both full-fat and nonfat stimuli reduced the lag time preceding a TAG rise compared with no oral exposure. This is suggestive of a signaling role. Findings from other human studies are consistent with this observation. Compared with fasting, modified sham feeding (MSF) of cake containing fat led to a significantly greater pancreatic polypeptide concentration, an index of vagal activation, whereas sampling cake without fat led to an intermediate response over 20 min (4) . Furthermore, MSF of a high-fat meal an hour before actual ingestion of a meal led to an earlier and greater TAG response than when there was no MSF (28) . The TAG response was intermediate when the MSF followed the meal by 1 h. Thus brief (nutritionally relevant), general oral stimulation appears to prompt a small TAG response, but the magnitude is greater when the oral stimulus contains fat. The observation of a trend toward lower magnitude of the first-phase response with increased exposure times specifically to the nonfat cream cheese was unexpected. However, because of the limited number of participants tested, this trend cannot presently be deemed reliable. However, a lower first-phase response to nonfat vs. full-fat stimuli has been reported in other trials where the exposure time was comparable to our longer trials (25) .
Differences in the reliability of the first-phase responses to the full-fat and nonfat stimuli further support the validity of the distinction. With retesting of those responding to the first exposures, 75% of individuals responded again when exposed to the full-fat stimulus, whereas the incidence was only 45% with the nonfat stimulus. In addition, test-retest correlations for both mean and peak serum TAG concentrations were significant after oral fat exposure but not with nonfat exposure. Thus the first-phase TAG response to a single 10-s oral exposure to dietary fat is also moderately reliable (correlation coefficient of ϳ0.6). We hypothesize that oral sensory systems are present to detect relevant stimuli and generate signals that allow an organism to initiate and gauge the magnitude of suitable adaptive responses (e.g., salivate, swallow, secrete insulin). The first-phase response may reflect this signaling role, so a better understanding of its characteristics may promote understanding of its function and the implications of its manipulation.
Among the total sample, the mean second-phase TAG response was significantly greater after 10 s of oral stimulation with either full-fat or nonfat cream cheese compared with no oral stimulation. However, the response to the two stimuli did not differ. In contrast, a significantly greater TAG response was observed with 20 min of oral exposure to the full-fat stimulus compared with the nonfat version. Although the sample size of the later tests was limited (N ϭ 14) , the stronger effect of oral fat exposure on the postprandial TAG concentration may require longer exposure, albeit still within the time frame of a meal. This finding replicates multiple observations of an augmented response to full-fat cream cheese relative to a nonfat version with longer exposure times (18 -20, 25) . The stronger response to full-fat vs. nonfat exposure with longer stimulation times (i.e., 20 min and 2 h) is also noted in analyses of only those showing a response. Whether a differential response would occur with exposure between 10 s and 20 min cannot be determined because of the limited number of participants (N ϭ 7) tested for 5 min.
Work with rats indicated that a TAG response was only obtained in animals familiar with the testing protocol (27) . Therefore, to determine whether an individual in the present study may be a nonresponder, those who failed to respond to the initial 10-s exposure were retested at least two additional times, once for 20 min and once for 2 h. A response to some level of exposure was noted in 88% of participants, so, at a minimum, nonresponders would seem to be a small subgroup. However, this study used a convenience sample of normolipemic adults, so it is possible the proportion could be high in some subgroup of the population. Given the nature of the response, it would be most important to assess the prevalence of responders in those with a predisposition toward dyslipidemias. It could also help to elucidate the significance of polymorphisms for putative fat taste transduction mechanisms [e.g., CD36 (15, 31) ].
On the basis of detection thresholds for linoleic acid, others have proposed that the prevalence of fat tasters may be 46 -58% (10) and they do not differ from nontasters in age, BMI, dietary restraint, disinhibition, hunger, or PROP taster status. Another trial noted 80% of PROP tasters could discriminate conjugated linoleic acid in ice cream, whereas only 17% of nontasters could do so (23) . If it is assumed that ϳ70% of the population tested was comprised of PROP tasters, this would correspond to about 60% of the population as fat tasters. Both of these studies assessed sensitivity by detection of a single test concentration. We have measured detection thresholds with the use of an ascending, three-alternative, forced-choice, sip-andspit procedure and measured thresholds in nearly all individuals tested (2, 3, 17) . However, the range of values covers three to four orders of magnitude (17) , indicating there is large individual variability in sensitivity. How threshold sensitivity relates to TAG responsiveness warrants further study since it will help to determine the prevalence and implications of fat-taster status.
The present study has a number of important limitations. First, the exposure times were not randomly administered. Given evidence that there may be learning effects (27) and, potentially, extinction effects with cephalic-phase testing, the true proportion of responders at any given level of exposure cannot be determined from the present data. The responsedriven exposure protocol may also have introduced a bias toward minimizing exposure effects with the longer exposures. Only individuals failing to respond to shorter exposures received longer exposure, so these groups were comprised of those that may be less responsive. It should also be noted that these data are based on responses to a single food. Items with different fat composition and concentration may yield different results.
In summary, this work further confirms that oral fat exposure independently increases serum TAG concentrations. It demonstrates that stimulation durations likely to be encountered in normal eating (10 s to 20 min) are sufficient to elicit the response and that it is reliable. Although progress is being made on the mechanisms responsible for the effect (e.g., Refs. 25 and 29), its physiological function and contribution to pathophysiology (e.g., CVD risk) remain unknown.
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